• Boron (B) application increased petiole B in irrigated alfalfa but did not impact yield and quality.
hormone action, nucleic acid synthesis, reproduction of plants, root growth, and germination of pollen (Dell and Huang, 1997; Howe, 1998; Devirian and Volpe, 2003) . Nutrient removal is high in hay production, particularly in productive areas, and can eventually suppress alfalfa yield and quality if the nutrients are not replenished (Dordas, 2006) . Shorrocks (1997) reported that the removal of B is markedly higher in alfalfa (0.31 lb/ac) compared with other crops such as Beta vulgaris (0.27 lb/ac), Gossypium hirsutum (0.13 lb/ac), Triticum spp. (0.02 lb/ac), and Helianthus annuus (0.09 lb/ac). Boron deficiency in alfalfa causes chlorotic leaves (Ottman, 2010; McCauley et al., 2011; Undersander et al., 2011) , stunted growth (HerreraRodríguez et al., 2010) , abnormal leaf structure, necrosis of terminal buds, and excessive wilting (Willis and Piland, 1937) , all of which negatively impact hay production. Moreover, B-deficient alfalfa produces relatively low root biomass and root nodule number and size, which reduces nitrogen-fixing performance (Bonilla et al., 2009 ). Wright (1986) reported that leaves of B-deficient alfalfa dry much faster than leaves of B-sufficient alfalfa, so leaf loss (while raking and baling) of the former is greater compared with the later. Increased leaf loss decreases leaf-to-stem ratio, lowering the protein content and digestibility of the harvested hay (Wright, 1986 ).
While addressing the negative impact of B deficiency in alfalfa, an excessive amount of applied B was found to also reduce crop yield and quality (Nable et al., 1997; Hong et al., 2009 ). An abundance of B that exceeds 6 ppm in the soil can cause toxicity (Orloff, 1995) . Boron toxicity symptoms on alfalfa are generally visible in lower trifoliates of the stem as marginal or leaf-tip chlorosis (Gupta, 1991) to yellowing of an entire leaf that leads to defoliation (Bradford, 1966) .
Alfalfa response to B fertilization is conflicting. In Oregon, B fertilization led to an increase in alfalfa production. The application of boric acid (17.5% B) at the rate of 30 lb/ac (i.e., 5.3 lb B/ac) on William silt loam soil in a dryland setting increased alfalfa yield by 47.7% compared with the control treatment (with 0.6 to 0.9 ppm soil B), which yielded 3.4 ton/ac (Dregne and Powers, 1942) . Research on B-deficient soil conducted in Connecticut found that application of B decreased the prevalence of "yellowing" in alfalfa from 25 to 3% and increased yield by 16% when 2.3 lb B/ac was applied compared with a no-fertilizer control (Brown and King, 1940) . Similarly, in Idaho, application of 1.0 lb B/ac in B-deficient soil increased alfalfa yield by 13% (Mahler and McDole, 1981) . A study performed in New York in a dryland setting also found a significant yield increase when borax (11.3% B) was applied. Total production averaged 1.24 ton/ac with a 3.4 lb/ac B application versus 0.67 ton/ac in the 0 lb/ac B-applied check (Crowder and Baird, 1958) . Conversely, application of B did not increase alfalfa yield in studies conducted in Ohio and New York. Razmjoo and Henderlong (1997) found the application of B up to 1.8 lb/ac did not affect alfalfa dry matter yield in Columbus, OH on Crosby silty clay loam soil. Similarly in New York, NY, no yield response was observed with B application rates of up to 4.4 lb/ac (Chandler et al., 1946) .
Fertilization based on soil tests at the beginning of the season is generally used to correct nutrient deficiency to avoid a negative impact on yield and quality of alfalfa. According to the available B amendment guidelines applicable for this region (Mahler and McDole, 1981; Jacobsen et al., 2005) , which are based on soil test results, verification of the soil-test-based B fertilization recommendation for irrigated alfalfa production is lacking in Montana. This project aimed to evaluate the response of foliar application of B on the yield and forage quality of irrigated alfalfa in Montana. We hypothesized B fertilization would improve yield and forage nutritive value on soils testing low or very low in B.
Site Description
A 2-year study was conducted in 2015 and 2016 at two different irrigated locations in western Montana with low initial soil B (described in Table 1 ). These sites represent two of the relatively higher alfalfa-producing regions in the state, producing an average of 3.0 and 4.0 ton/ac, for the northwest and southwest region of Montana, respectively (USDA-NASS, 2017b). Based on the alfalfa fertilization guide for Montana (Jacobsen et al., 2005) , other nutrient requirements for the research sites in this study were met via soil amendments following early spring soil sampling. The second year of the study continued from the first year's experimental sites.
Boron Treatments and Experimental Design
The experiment was laid out in a randomized complete block design with five B treatments replicated four times. The plots measured 10 × 15 ft with a 5-ft alley between replications and around the experimental field to allow easy access for plot maintenance and harvesting. Boron treatments and their timing of application are described in randomization and the B application protocol were determined using Agriculture Research Manager (Gylling Data Management, 2016) . Both research sites were located within production fields. In the production field in Dillon, no mowing was done on the perimeter of the experimental plots. At the Creston site, the perimeter of the plot area was maintained via mowing for easier access of the forage harvester; however, border plots were retained around the experimental site.
A liquid B formulation (10% B AgriSolutions) was used as the B fertilizer source as it is widely available to producers in Montana. A liquid formulation was chosen for the ease in correct application to a small plot area. The volume of solution for each treatment was 43 oz, which was then divided into four equal parts (i.e., 10.8 oz) for each experimental unit. Each 43 oz of solution contained 0.6, 1.2, 2.6, and 5.1 oz of 10% liquid B fertilizer for the respective treatments of B 1 , B 2 , B 3 , and B 4 ( Table 2 ). The first application was made to treatments B 1 -B 4 in spring when plant height was 3 inches, and the second application was made to treatments B 1 -B 3 when regrowth height after the first cutting was three inches. The amount of B fertilizer was the same during first and second application for the respective treatments (Table 2) . A CO 2 -powered backpack sprayer equipped with a 10-ft flat nozzle was used to apply the prepared B solution.
Yield and Dry Matter Analysis
Alfalfa was harvested at 10% bloom at both locations for all harvests. A forage harvester (ALMACO, Nevada, IA) was used to harvest alfalfa plots at Creston. Harvesting was confined to the middle of the plot (5-× 15-ft strip) to avoid an edge effect. Three cuttings were taken in Creston in both years. A battery-powered, hand-held electric shear (Black and Decker, New Britain, CT) was used in Dillon with a 3.3-× 3.3-ft quadrat, which was randomly thrown into the middle of each plot.
Only two cuttings were made in Dillon in both years.
Petioles from the top 6 inches (Kelling, 1999; Undersander et al., 2011) were randomly collected from 20 plants in each plot for petiole B analysis, and 20 whole plants were bagged from each plot for whole-tissue forage nutrient quality. The fresh biomass samples collected for yield determination were immediately weighed and then dried in a forced-air oven at 140°F for 48 h or until they reached a stable dry weight. The whole plant for forage quality and top six inches for petiole B samples were dried, ground to pass through a 2-mm screen, and sent to Midwest Labs. (Omaha, NE) and Agvise Labs.
(Northwood, ND), respectively. Forage quality was evaluated utilizing wet chemistry methods to determine crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF), total digestible nutrient (TDN), and relative feed value (RFV). In the first year of the study (2015), hay quality and B tissue tests were composited by treatment due to funding limitations, and thus statistical analysis for 2015 tissue tests was not possible.
Statistical Analysis
Data were analyzed using the PROC GLIMMIX procedure of SAS (9.4; SAS Institute, 2014) as the majority of the variables were not normally distributed based on the Shapiro-Wilk test of normality. For yield data, the year and B treatments were considered fixed effects whereas replications within year were random effects. For petiole B and hay quality, only the 2016 data were analyzed because in 2015, petiole B and quality were pooled data from all the replications within a B treatment and variance cannot be analyzed. For 2016 petiole and hay quality, B treatments and replications were considered fixed and random effects, respectively. The LINES option was used to establish significance between means using Fisher's protected least significance difference test at α = 0.05.
Irrigation, Rainfall, and Temperature
These fields, which are within a commercial production field, were irrigated using a wheel-line sprinkler from mid-June to August of each year with 1-2 inches of water per week. The irrigation events were adjusted accordingly with the rainfall events. Seasonal rainfall patterns differed between years and locations (Table 3) . For Dillon, rainfall averaged 9.7 and 9.1 inches for 2015 and 2016, respectively, which is similar to the 30-year average (9.3 inches; NOAA, 2016). For Creston, rainfall was 63% less in 2015 (average 4.9 inches) and was slightly higher (15%) in 2016 (average 15.1 inches) than the 28-year average (USBR, 2016) due to 3.7 inches more rainfall than normal in October. The 2015 seasonal temperature was slightly higher than 2016 for both sites. Temperatures in 2016 for both sites were near identical to the 1989-2016 average (NOAA, 2016; USBR, 2016) .
Effect of Boron on Petiole Boron Content
In 2015, tissue tests for both sites were pooled for each of the treatments due to budget constraints, and the data mentioned are from the pooled treatment petiole B, not from least square means. In 2015, the average petiole B for each treatment was numerically higher with B application relative to the control in Creston (data not shown) although the treatments could not be statistically analyzed. In Dillon, no observable trend of petiole B with B application in relation to the control was observed (data not shown, B tissue test > 43 ppm). An increased B application rate significantly increased (P < 0.05) the B content of alfalfa petioles at both locations in 2016, except the first cutting in Dillon (Table 4) . At Dillon, the maximum amount of petiole B was 60.3 ppm at the second cutting when 2.0 lb/ac (B 4 ) of B was applied at the beginning of spring growth. However, it was not significantly different (P > 0.05) from the lower splitapplied B (B 1 and B 2 ) rates. This pattern is similar to the rest of the cuttings in 2016 at either site. The data obtained show that petiole B concentration at both sites was within or close to the sufficiency level reported in the literature (Kelling, 1999 Table 4 ). The third cutting B treatments in Creston and all cuttings and treatments in Dillon had higher petiole B than the recommended sufficiency range according to Meyer et al. (2002) . However, no visual toxicity symptoms were observed. The range between sufficiency and toxicity is narrow (Wimmer et al., 2015) and continues to be debated. Both sites in 2016 showed a numerical increase of the later cuttings over the earlier cutting, regardless of the B treatments. In the second cuttings at both sites, the majority of the irrigation events were scheduled. For the third cutting in Creston, on top of the planned irrigation events, approximately five inches of rain was received in October prior to the last cutting (Table  3) . Increased availability of moisture should increase nutrient uptake from dry soil (Kramer and Boyer, 1995) . Miller and Smith (1977) found a similar increase in alfalfa petiole B content with increased B application in Illinois. Petiole B content was found to be 40, 46, and 55 ppm when alfalfa was treated with 0, 1.4, and 2.8 lb B/ac, respectively (Miller and Smith, 1977) . A study from Connecticut also showed alfalfa petiole B increased from 21 to 62 ppm with an application of 2.3 lb/ac B in granular form (Brown and King, 1940 ----------------------------------------------------------------B, ppm--------------------------------------------------------------- were foliar-applied (Dordas, 2006) . Similar increased B levels in plant tissue with B application was also observed in other crops such as melons (Cucumis sativus L.; Goldberg et al., 2003) and soybean (Glycine max L. Merr.; Sutradhar et al., 2017) ; however, none of these studies evaluated foliar application. Only a few of the above studies reported an associated yield increase with the corresponding increase in petiole B (Brown and King, 1940; Dordas, 2006) as discussed in the preceding section; only one evaluated foliar application.
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Effect of Boron on Yield
With increased B rates, dry matter yield at Dillon significantly increased up to the B 2 (split 1.0 lb B/ac) rate (P < 0.05; Table 5 ) during the second harvest in 2015. No further increases were observed at rates greater than the B 2 treatment. Total dry matter yield during that season showed a numerical increase in yield but was not significant (P > 0.05). Rannnah et al. (1984) , Haby and Leonard (2005) , and Kheirkhah et al. (2016) reported positive impacts of B on alfalfa production. However, our data showed B fertilization did not influence total yield of alfalfa in either year. Razmjoo and Henderlong (1997) also found no effects of B on alfalfa yield when 0.9 and 1.8 lb B/ac was foliarapplied on a silty clay loam soil. Additionally, a study in Iowa on a Readlyn loam soil showed no effect on alfalfa yield when 2.0 lb/ac B was applied (Pecinovsky and Lang, 2012) .
No yield response to B fertilization was observed at Creston regardless of cutting or year (Table 6 ). Further, no yield response to B was observed at Dillon in 2016 across all cuttings (Table 5 ). Petiole B concentration was generally at sufficient levels (30.1-80.0 ppm), except for the control treatment (B 0 ) in 2015 at Creston. Alfalfa yield did not respond to B application despite the very low soil B (0.2 ppm) in 2015. This implies that low soil B content was not indicative of a need to apply B under an irrigated environment in Montana. Based on this 2-year study, the risk of economic loss with an application of B fertilizer via soil test results is high considering the market price of the product used (i.e., ~US$10.00 at an application rate of 0.5 lb/ac) although cheaper alternatives are available. Regardless of fertilizer source, any fertility amendment increases farm input cost, and thus, B fertilization decisions require careful assessment. If soil tests indicate low B in early spring in Montana or a similar environment, B application may not be necessary under irrigated alfalfa production, consistent with other reports (Meyer et al., 2002; Meyer et al., 2007; Orloff et al., 2010) , but rather should be further evaluated using in-season plant tissue testing. In-season visual symptoms of B deficiency should be verified with petiole testing, which is more diagnostic and is of better value for alfalfa producers than soil testing. Meyer et al. (2002) argued plant tissue tests should be utilized to determine the B status of alfalfa.
The difference in seasonal weather pattern (Table 3) did not influence total yield at the Creston site (i.e., no year or year × B interaction). At Dillon, on the other hand, year was significant (P < 0.05) for total yield. For this site, the 2015 yield, on average, was 0.7 ± 0.2 ton/ac higher than 2016. Year impacts on the petiole B and forage quality parameters are not presented here due to our inability to estimate the variation in 2015.
Effect of B on Forage Quality
Boron application had no significant effect on alfalfa forage quality (P > 0.05) at either site in 2016 (Table 7) , possibly because the tissue tests did not indicate a low petiole tissue B While the third cutting B 1 -B 4 treatments at Creston and all of the treatments across cuttings at Dillon had petiole B above the sufficiency range, no visual toxicity symptoms were observed, as mentioned in the previous section. The literature suggests inconsistent rate responses of B on forage quality. The application of B in a semiarid region of eastern Turkey increased alfalfa crude protein when Na 2 B 4 O 7 .10H 2 O fertilizer was applied at rates of 0.1, 0.3, and 0.9 lb B/ac on aridisols deficient in B (Turan et al., 2010) . Similarly, Wright (1986) claimed that B application improved the forage quality of harvested alfalfa. When 2.0 and 4.0 lb B/ac was applied on a Darco loamy fine sand soil in Texas, there was no consistent increase in forage quality; and an increase in forage quality parameters was only evident at one out of the four cuttings (Rouquette et al., 2001 ).
Conclusion
A 2-year analysis showed that except for the second harvest in 2015 at one location, foliar B application did not influence seasonal or total dry matter yields for either of the irrigated sites testing low in initial soil B. Alfalfa quality also was not affected by B fertilization at either site during the study. Plant tissue B concentration was responsive to B fertilization using foliar application of liquid B, but changes in tissue B did not positively impact alfalfa yield or quality. This research shows that low soil B did not limit the yield of irrigated alfalfa in Montana and B enhancement may be unwarranted. Additionally, petiole B concentrations met the sufficiency range despite the initial low soil B levels as found from soil test results. Thus, the use of soil tests is not necessarily a reliable measure of the need to amend B using foliar application at irrigated sites in Montana. Diagnosing symptoms of B deficiency in alfalfa coupled with in-season petiole B analysis may be of better value to producers. Table 7 . Effects of boron (B) on crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF), total digestible nutrient (TDN), and relative feed value (RFV) in 2016 at Creston and Dillon, MT. Treatments include: B 0 (no applied B, control check); split-applied B 1 (0.25 + 0.25 lb/ac), B 2 (0.5 + 0.5 lb/ac), and B 3 (1.0 + 1.0 lb/ac); and B 4 (single applied 2.0 lb/ac). 
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